. ,
minimized in the chemical processes. Biological processes in producing chemicals or fuels using syngas have some advantages over chemical processes. Chemical catalyst is easily poisoned by sulfide compound such as hydrogen sulfide, and CO/hydrogen ratio of the feed gas is important in the process. Meanwhile biological processes are tolerant to these constraints. Recently, biological processes using the syngas were proposed to produce chemicals and ethanol, using autotrophic microbes such as acetogens. Phillips et al. (1994) showed that Clostridium ljungdahlii can be used to produce ethanol and acetate by syngas fermentation. Cotter and Chinn (2008) reported that ethanol and acetate productions by Clostridium ljungdahlii were 5.2 and 40.1mM, respectively. The thermophillic bacterium Moorella sp. HUC22-1 is reported to produce 120mM acetate and 5.2mM ethanol (Inokuma et al., 2007) . For CO substrate and acetate production considering cell mass produced, the molar stoichiometry is (Brown, 2006) ,
where Cell indicates carbon equivalents in the cell mass produced. For CO and hydrogen is provided, the stoichiometry is,
Unlike acetogenic metabolism, Anaerobic digestion produces methane in degrading organic materials. Methanogen utilizes CO 2 , methyl groups such as methanol and methylamine, acetate as carbon sources. Hydrogen is the energy source for methanogen that reduces CO2 into methane. Aceticlastic methanogen utilizes acetate, which includes Methanosarcina and Methanosaeta/Methanothrix (Kim, 2005) . In anaerobic digestion, over 70% of methane is produced from acetate (Yang and Lee, 2004) . Therefore, it can be expected that additional methane can be produced if extra acetate is provided through CO fermentation by acetogenic bacteria. Methane production in anaerobic digestion system has the following net stoichiometry when CO fermentation is incorporated ignoring cell mass production,
Additionally, heat obtained from cooling syngas can be used in digester heating when digester and gasification system are coupled. In this study, it is hypothesized that additional methane can be produced by CO supply to anaerobic digestate. It seems that there are no studies on incorporating producer gas into anaerobic digester to increase methane production. This paper shows a preliminary result on the CO fermentation experiments to test the hypothesis. Some suggestions for coupling or parallel operation of gasification and anaerobic digestion are presented for practical applications.
CO fermentation experiments were conducted using liquid digestate obtained from digester operated by Biogas
Research Center of Hankyong National University. The digestion system has a 150m 3 of digester with about 5m 3 of daily inflow of pig manure. Tubular bioreactor systems were manufactured for the experiments (Fig. 1 ).
The reactors have 9.9cm of internal diameter and 39.3cm of height. Each reactor has a separate gas storage on top of the reactor of 3,225cm 3 of volume. The storage cap is sealed with water and can be easily moved up or down by net gas production or consumption ( Fig. 2 (b) ).
A peristaltic pump was installed to circulate the gas.
The reactors were placed inside a commercial BOD incubator in order to keep the reactors under the controlled temperatures ( Fig. 2 (a) ).
Nitrogen gas was filled in the gas storage of a control reactor. Manufactured syngas was supplied to the other reactor. The syngas has 29.9% of hydrogen, 50.2% of CO, and nitrogen for balance. The manufactured gas was used in the first half of experiments, and 100% CO gas was used in the following set of experiments. The gases were supplied to the reactors through the ceramic diffuser placed at the bottom of reactors continuously.
The changes in gas storage were measured and gas composition was analyzed for methane, carbon monoxide, and carbon dioxide. Gas detection tubes (Gastec, Japan) and monitoring sensors were used in analyzing the gas composition. Model 1HH and 2H of the detector tubes were used for carbon monoxide and carbon dioxide, respectively. Methane concentration was measured using a gas analyzer, Delta 1600-S (MRU, Germany), which was adjusted to measure up to 100% of methane.
Each set of experiments was continued until the volume of gas storage was stable for a while or the storage cap reached the bottom. The pump for gas circulation continued to run for the entire period of each experiment. The changes in the height of storage cap were measured every 30 minutes. The gas composition was analyzed after turning off the circulation pump at the end of experiments. Three sets of experiments were conducted to see the changes in the storage volume in August, and four sets were for both gas composition and changes in gas volume in October and November.
Gas volume was increased as soon as gas circulation started in all N 2 -fed control experiments. Respiration of bacteria seems to result in the production of carbon dioxide and increases in the volume of gas storage. Gas production is observed in both reactors, while gas consumption is dominant under manufactured gas supply.
Decrease in gas storage volume indicates that consumptions of CO and hydrogen gases masked the production of CO2 microbial respiration. The control reactor also shows a slight decrease in gas volume over the time. August showed similar changes in storage volume. As shown in the Fig. 3 , for syngas case, the storage volume was decreased by about 15% within two hours. In spite of CO2 production by respiration, net changes in gas volume were decreased. However, N2-fed reactors had net increases in gas production in the beginning stage.
The gas volume began to decrease after the peak of the volume. The decrease in gas storage in N 2 -fed reactor seems to indicate that CO 2 was consumed inside the reactor.
The experiments conducted in October and November showed quite different changes in gas volume. The gas production, assuming CO 2 , was much greater than that of The volume of CH4 and CO2 produced during the fermentation was calculated using the reading of storage cap height and the concentration of each gas. Methane production rate was 3~15.6 ml/hr, CO2 18~90 ml/hr, and CO consumption rate was 77~190 ml/hr as shown in Table 1 . Bacterial cell growth was not measured in this study. Cell biomass and other organic compounds may be helpful for further analysis. Based on gas production and consumption rates, an approximate stoichiometry is,
As mentioned in the previous section, N2-fed reactors also have methane productions. Equation 6) did not account this into account. The net production rate of CH4 would be lower than the experimental results when the CH 4 production in the control cases is subtracted. Then, CO consumption rate could be increased for the production of the same mole of methane. Since there are unexplained variations in the experimental results, further works should be followed and combined to reach a clear explanation for this process.
In this study with a limited number of experiments, we could see the additional production of methane through supplying CO and manufactured syngas into liquid slurry obtained from anaerobic digester. Although the result, in terms of production rates of methane, was not satisfactorily large, it indicates that syngas could be supplied into liquid digestate to produce additional methane or biogas. Whether or not the syngas-fed digestion system is feasible, there are potential benefits from combining thermo-chemical gasification and anaerobic digestion systems.
The first of the benefits is heat recovery from syngas cooling. Most of anaerobic digestion systems are mesoor thermophilic. They require heating during a certain period of time of a year, especially in thermophilic systems. The temperature of the syngas exited from a gasifier is very high, reaching over 400ºC. In cold region or season, heat supply from syngas cooling could help improve overall economy of the system. The syngas can be supplied though a gas-circulating mixing system.
In this case, no additional gas circulating system would be required. An integrated organic resources/wastes management plant can be planned at one station through integrating the two systems. Wet stream of waste is fed into anaerobic digestion system, while dry or the other solid combustible waste is fueled into the gasification system. In this case, a single heat and/or power system can be shared for the operation with both methane based biogas and syngas fueled.
Meanwhile, CO2 concentration could be increased in the digester gas as CO fermentation takes place. As shown in the previous section, the volume of CO 2 is more than five times greater than that of methane produced at a given mole of CO consumption when 100% of CO was supplied. This results in higher concentration of CO 2 in biogas, which is not desirable for gas utilization. Future investigations need to include the effect of syngas composition on CO 2 production rates.
In this study, it was hypothesized that additional methane could be produced by CO supply into anaerobic digestate for fermentation. The fermentation is based on AcetylCoA pathway, using carbon monoxide (CO) as a main substrate. They rely on CO for their carbon and energy sources. Acetate is the major source in producing methane in anaerobic digestion. For testing the research hypothesis, in this study, changes in gas composition were investigated as CO was supplied in a bioreactor. A preliminary result based on a limited number of experiments showed that additional production of methane was observed through CO fermentation, which was compared with the control experiments fed with N2 gas only.
Net decrease in gas storage volume was observed in spite of CO2 production through cell respiration in syngas-fed reactor. There exist substantially more productions of methane compared to those from the control.
Methane production rate was 3~15.6 ml/hr, CO2 18~90 ml/hr, and CO consumption rate was 77~190 ml/hr. More CO was used in unit CH 4 production in the fermentation, compared to the theoretical stoichiometry.
Whether or not the syngas-fed digestion system is feasible, some suggestions for coupling or parallel operation of gasification and anaerobic digestion are presented for practical applications. The first of the benefits is heat recovery from syngas cooling for the use of digester heating. Although syngas fermentation is drawing many interests due to its potential of producing ethanol from biomass and wastes, coupled operation of a gasifier with an existing digester system could be another green alternative to improve overall economy of anaerobic digestion systems.
